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Introduction
Among the increasing number of weak interactions described in the recent years, the beryllium bond corresponds to strong interaction energies. 1 As conventional hydrogen bonds, beryllium bonds are stabilized by the concomitant contribution of both electrostatic and covalent-like effects. 1 The electropositive character of Be and its relatively high net positive charge favors significantly strong electrostatic interactions with the basic site of the Lewis base, which bears a negative net charge; but the most important contributor to the stability of these closed-shell interactions is the charge donation from the lone-pairs of the Lewis base towards the empty p orbitals of beryllium and the σ BeX * antibonding orbitals.
Accordingly, two of the signatures of beryllium bonds is the bending of the BeX 2 Lewis acid and the lengthening of its BeX bonds. 1 The aforementioned charge donation deeply affects also the intrinsic properties of the Lewis base, through a significant electron density redistribution, which usually have dramatic effects in its electron donor-acceptor capacity and accordingly on its intrinsic basicity and acidity. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] For instance, typical bases as aniline or formamide can be changed in stronger acids than phosphoric or chloric acids, through the formation of beryllium bonds with BeCl 2 . Similarly, water, methanol and SH 2 become stronger acids than sulfuric acid, pyridine becomes a C acid almost as strong as acetic acid, and unsaturated hydrocarbons such as ethylene and acetylene become as strong an acid as nitric or sulfuric acids, respectively. 8 The complexation
with BeCl 2 of hydrogen bonded dimers can produce the spontaneous proton transfer. 10, 11 . In addition, the complexes where the beryllium bond is present can be considered as a model for some of the interactions responsible of the stabilization in the so called metal-organic-frameworks (MOFs).
12
Cooperativity effects are one of the signatures of weak interactions, especially hydrogen bonds, HBs. These effects are manifested by a strengthening of the HB between the HB donor and the HB acceptor, when one of them or both, interact with a third HB donor or HB acceptor. The possibility of having cooperative effects among HB and other different non-covalent interactions have been reviewed recently. 47 The question that we want to address in this article is whether cooperativity can be found in chains of complexes attached via beryllium bonds and, in case it is found, if they show similar characteristics to those described for other weak interaction clusters.
For that purpose, the linear and cyclic polymeric structures of 1H and 1F (Scheme 1) 
Computational methods
The B3LYP density functional approach, 48, 49 which combines the three-parameter hybrid exchange functional of Becke with the non-local LYP correlation functional have been used for all the calculations. For the geometry optimizations a 6-31+G(d,p) basis set has been used, 50 whereas to obtain more reliable final energies a larger 6-311++G(3df,2p) basis set 51 There are different procedures to analyze the non-covalent interactions, most of them based on an analysis of the electron density. In this study we will use two complementary approaches, namely the atoms in molecules (AIM) theory, 55, 56 and the natural bond orbital (NBO) approach. 57 AIM, permits to define the molecular graph of the investigated systems as the ensemble of maxima of the electron density, ρ, associated with the position of the nuclei, saddle points, in which ρ, has two negative and one positive curvatures, the so called bond critical points (BCPs) and the zero gradient lines connecting them, or bond paths. The value of the electron density at the The NMR absolute chemical shielding has been calculated with the GIAO method 74, 75 using the facilities of the Gaussian-09 program.
Results and Discussion
Structure and Bonding
A minimum structure has been found for all the linear chains while maintaining C s symmetry. In the case of the cyclic structures, S 4 symmetry is found in the tetramer, C 1 in the pentamer and C nH for the rest of the clusters (n = 6-10). shortening effect is more important the longer is the chain. A similar behavior has been described for hydrogen and dihydrogen bonds chains [76] [77] [78] [79] and it has been correlated with the cooperativity effect observed in those systems. ( Figure S2 represents the evolution of the C-Be distance for the linear 1F clusters). It is then obvious that the greater the strength of the Be···N interaction the longer the C-Be bonds. Actually, it is possible to obtain linear correlations between the N···Be and the C-Be bond distances, but it is necessary to group the points in different families according to their relative position within the polymer, as shown in Figure S3 of the SI for the 1H clusters. Consistently, the bond orders of the Be-N interaction parallel the interatomic distances previously discussed and range from 0.12 in (1H) 2 to 0.15 in the shortest Be-N bond of (1H) 10 . In the same way, the Be-C bonds are weakened going from 0.37 in (1H) 2 to 0.28 in (1H) 10 .
In the cyclic systems, both the Be-C and Be···N interatomic distances tend to be smaller as the size of the ring increases. This effect is larger in the Be···N distances than in the Be-C ones.
The charge transfer towards the empty p orbital of Be leads to a change in the hybridization of Be atom and accordingly to a bending of the C-Be-X group which is strictly linear in the isolated monomer and bents up to 120º in some of the complexes.
These cooperative effects will also be observed in the interaction energies, in the topology of the electron density and in the magnetic properties of the polymers as discussed in forthcoming sections.
Energies
The interaction energies for the linear and cyclic clusters have been calculated at the B3LYP/6-311++G(3df,2p)//B3LYP/6-31+G(d,p) computational level using Eq. 1 and they have been gathered in In all the cases studied here, the cyclic configuration is more stable than the corresponding linear one, both in terms of electronic energies and in terms of free energies. It should be noted that the gap between cyclic and linear polymers decrease when evaluated in terms of free energies because the cyclic structures are entropically disfavored. However, the extra beryllium bond present in the cyclic structures more than compensate the entropic stability loss. Second order polynomial relationships are found between the energetic differences in the linear and cyclic complexes (Fig. 5 ). The maximum difference is observed in the heptamer for X=H if energies are used and for the hexamer if free energies are employed. For the fluorinated derivative both energetic magnitudes predict the octamer to be most stable in relative terms.
E i = E complex (1X) n -n*E(1X) Eq. 1 The cooperativity effects on the interaction energy can be evaluated in several different ways. Here we have calculated the interaction energy per monomer (Eq. 2) and the incremental interaction energy ∆E i as defined in Eq. (3) (See Table 2) E i per monomer = E i /n Eq. 2 Table 2 . Interaction energy per monomer (Eq. 2) and increment of interaction energy (Eq. 3) (kJ mol -1 ) in the (1H) n and (1F) n linear and cyclic clusters. 2 -119.0 -119.0 -115.3 -115.3 (1X) 3 -137.0 -155.1 -134.2 -153.1 (1X) 4 -147.1 -167.3 -157.9 -144.7 -165.6 -151.9 (1X) 5 - 8 -163.7 -178.1 -176.1 -174.2 -161.9 -176.8 -175.6 -179.1 (1X) 9 -165.6 -179.0 -175.2 -167.8 -163.9 -178.2 -175.3 -173.0 (1X) 10 -167.1 -179.0 -175.6 -173.9 -162.5 -178.0 -174.6 -168.4
From the values in Table 2 it is clear that the largest cooperative effect is observed on going from the dimers to the trimers. Also, both the energy per monomer and the incremental interaction energy (Table 2 and Figure 6 ) in the linear clusters show that cooperative effects are practically saturated in the decamer. A graphical representation of the evolution of the average interaction energy per monomers with the cluster size is shown in Figure 6 .
In contrast, the interaction energy per monomer in the cyclic structures presents a maximum in the heptamer for the parent and in the octamer for the fluorinated derivative. Interestingly, however, in contrast with the linear complexes, for the cyclic clusters the variation of the interaction energy with the size of the cluster steadily decreases. The exponential relationships found between the ρ BCP and the interatomic distances are similar to those described for other weak interactions. 80 the 1F one). In the 1H series, the smallest value corresponds to the beryllium atom that is not involved in the interaction (terminal BeH monomer) while the largest one corresponds to the monomer locate in the opposite side of the chain (terminal NH monomer) (Figure 9 ). In the 1F series the evolution of the chemical shielding is similar to that discussed for the 13 C atoms. 
Conclusions
A theoretical study of the cooperativity in beryllium bonds has been carried out by means of DFT computational methods. The structures of linear and cyclic cluster of two series of (iminomethyl)beryllium derivatives up to the decamer have been considered.
The geometry, energy, electronic and NMR properties have been characterized and analyzed in order to obtain insight on the potential cooperativity in these clusters. All the results obtained indicate a positive cooperativity and its profile is similar to those described previously for hydrogen-bonded chains also with positive cooperativity.
These results open also the possibility of generating new ditopic systems by introducing groups acting as Lewis bases as substituents in beryllium compounds, which behave as very strong Lewis acids, favoring the formation of new polymeric structures.
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